Granulomas are the pathological hallmark of tuberculosis (TB). However, their function and mechanisms of formation remain poorly understood. To understand the role of granulomas in TB, we analyzed the proteomes of granulomas from subjects with tuberculosis in an unbiased manner. Using laser-capture microdissection, mass spectrometry and confocal microscopy, we generated detailed molecular maps of human granulomas. We found that the centers of granulomas have a pro-inflammatory environment that is characterized by the presence of antimicrobial peptides, reactive oxygen species and pro-inflammatory eicosanoids. Conversely, the tissue surrounding the caseum has a comparatively anti-inflammatory signature. These findings are consistent across a set of six human subjects and in rabbits. Although the balance between systemic proand anti-inflammatory signals is crucial to TB disease outcome, here we find that these signals are physically segregated within each granuloma. From the protein and lipid snapshots of human and rabbit lesions analyzed here, we hypothesize that the pathologic response to TB is shaped by the precise anatomical localization of these inflammatory pathways during the development of the granuloma. npg
TB, which is caused by the bacterial pathogen Mycobacterium tuberculosis (MTB), remains a major global health problem responsible for 1.5 million deaths annually 1 . When the pathogen seeds the lung, both bacterial and host factors induce tissue remodeling that creates chronic inflammatory lesions known as granulomas 2, 3 .
Initially, granulomas are formed as aggregates of innate immune cells that are recruited to the site of infection. These include macrophages that later differentiate into specialized cell types, including multinucleated giant cells and epithelioid macrophages. After the development of adaptive immunity, the granulomas acquire a more intact structure with the macrophage-rich center surrounded by T cells and B cells, resulting in a lymphocytic cuff at the periphery of the structures [4] [5] [6] [7] [8] . With time, however, some granulomas can undergo complex remodeling events that are characterized by the accumulation of necrotic material that leads to the formation of caseum (a cheese-like necrotic material characterized by cellular degradation) at the center. The caseum may undergo liquefaction resulting in cavitation, the destructive fusion of a liquefying granuloma with an adjacent airway, which facilitates bacterial dissemination [9] [10] [11] [12] . It is still poorly understood whether tuberculous granulomas represent a host strategy for bacterial control or dynamic immune structures that facilitate bacterial transmission, or both 7, 8, [13] [14] [15] [16] .
Although the histology of this progression of granulomas has been well characterized, the molecular and inflammatory signatures that accompany granuloma progression have been poorly described. Recent data in human disease and primate models show that infected individuals have a heterogeneous mixture of granulomas that may vary greatly in the degree of immune activation and bacterial control 17 . Thus, it is increasingly being recognized that the fate of a few granulomas contributes to the majority of clinical morbidity 10, 18, 19 . These data suggest that important disease-driving processes are compartmentalized within individual granulomas and that variations within, and among, these structures are associated with disease control and progression.
To understand granuloma formation and progression in higher resolution, and in an unbiased manner, we used approaches to assess the distribution of molecules in different types of granulomas, as well as in different cell types. By combining laser-capture microdissection, mass spectrometry and confocal microscopy, we analyzed the abundance of proteins and lipids during the different stages of granuloma formation and combined these data with exquisite anatomical localization to yield a molecular map of the human granuloma. We found that pro-inflammatory enzymes that generate lipid-based inflammatory factors, such as eicosanoids, were enriched in both the necrotic centers, as well as the cells that immediately border the caseum. Animal models have highlighted that both insufficient inflammation and excessive inflammation can each promote progression of mycobacterial disease [20] [21] [22] [23] [24] . In humans, we find that both types of signaling occur simultaneously but are in anatomically distinct compartments within the granuloma. Our results suggest unique molecular signatures for the different kinds of compartments within granulomas. We propose that this local balance between anti-inflammatory and proinflammatory lipid mediators affects the capacity of the host to resolve or isolate the pathogen in the lung during infection.
RESULTS
The proteomic architecture of human TB granulomas We sought to identify candidate proteins that were differentially distributed in anatomically distinct compartments in the tuberculous lung. To do this, we isolated human granulomas from HIV-negative subjects who had undergone pneumonectomy for multidrug-resistant TB ( Supplementary Table 1a ). Using lung samples from several individuals, as well as granulomas from the same lung in different stages of differentiation, we classified these lesions histologically as solid granulomas that lacked necrosis, caseous granulomas and cavitary granulomas that have fused with an airway ( Fig. 1a and Supplementary Table 1b ); we selected one representative lesion of each type for whole-proteome analysis. Solid granulomas have only one histologically distinct region, whereas and caseous and cavitary granulomas have two histologically distinct regions each. For each granuloma, we used laser-guided microdissection to separate histologically distinct areas, which allowed us to define the proteomes of five separate granuloma regions. These included the interior of a solid granuloma, the cellular borders of the caseous and cavitary granulomas, as well as the necrotic caseum of the caseous and cavitary granulomas ( Supplementary Fig. 1a ).
We analyzed the five proteomes using quantitative mass spectrometry and label-free protein quantification to compare the relative abundance of proteins ( Fig. 1b) . Combined analysis of all of the microdissected granuloma regions identified >30,000 sequence-unique tryptic peptides, which assembled into 4,406 proteins ( Supplementary Table 2 ). This corresponds to an average of 3,774 different proteins in each of these samples, of which >3,500 proteins were identified in at least four of the five samples ( Fig. 1c and Supplementary Figs. 1b and  2a,b) . We used these data to create a spatially resolved map of protein expression in human granulomas.
Higher proteomic diversity within, rather than between, granulomas We hypothesized that, as granulomas progress through stages, we would find marked proteomic variations between different types of granulomas. Unexpectedly, our most notable finding was that there was far more variation within granulomas than between granuloma subtypes. Using unsupervised hierarchical clustering, we found that the cellular regions of granulomas, regardless of the type of lesion from which they were excised, clustered together, as did the caseous regions ( Fig. 2a and Supplementary Fig. 2a ). Principal component analysis revealed a similar grouping ( Fig. 2b) .
Inflammatory signaling distinguishes the caseum from the cellular rim
To determine the biological processes that separate the caseum from the cellular periphery, we searched for Gene Ontology (GO) database terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that were enriched in the necrotic caseum. Laser-capture microdissection was used to dissect, process and analyze multiple samples (n = 50-100, depending on the lesion compartment) in the caseous and cellular regions of each granuloma type. Dissected samples from each of the five regions were pooled and digested using the proteases Lys-C and trypsin; the proteomes were then analyzed by liquid chromatography coupled to tandem mass spectrometry (LC-MS-MS). (c) A total of 4,406 proteins were identified across all granulomas, and an average of ~95% protein identifications were shared between at least two proteomes. Five regions were sampled in three granuloma types from three different subjects.
npg protein groups most associated with the caseum included those involved in inflammatory and antimicrobial processes ( Fig. 2c) .
Known antimycobacterial effectors, such as the antimicrobial peptide cathelicidin, activators of reactive oxygen species (ROS), and antimicrobial effectors downstream of tumor necrosis factor (TNF) and interferon (IFN) signaling localized to the caseum ( Fig. 2d, Supplementary Fig. 2c and Supplementary Table 3 ).
Notably, proteins involved in the production of pro-inflammatory eicosanoids were also more abundant in the caseum (Fig. 2e) . The cellular periphery of the granuloma was enriched for proteins involved in the process of protein synthesis, including ribosomal and endoplasmic reticulum proteins ( Supplementary Table 3 ). This is consistent with the histological appearance of the periphery, which contains intact cells that we expected to be highly metabolically active. Collectively, these findings are consistent with a pro-inflammatory signature within the caseum, which is filled with antimicrobial effectors, suggesting that these may be remnants of a robust immune response against the pathogen.
Arachidonic acid is released throughout the granuloma Our proteomics data suggests a role for proteins that metabolize arachidonic acid (AA), including arachidonate 5-lipoxygenase (ALOX5), ALOX5 activating protein (ALOX5AP), and leukotriene A4 hydrolase (LTA4H) ( Fig. 2e) . These proteins were more enriched in the caseum, suggesting that eicosanoids (products of arachidonic acid and key mediators of inflammation during TB infection) could have an important role in granuloma formation (Supplementary Fig. 3a) .
Within the proteome we found an abundance of phospholipase A2 activating protein (PLAA), which activates enzymes involved in synthesizing the eicosanoid precursor arachidonic acid ( Supplementary Fig. 3b ). We were unable to detect all of the phospholipases involved in eicosanoid production using tandem mass For statistical analyses, we tested and computed the difference between medians of the following two groups-proteins corresponding to an annotation category versus all proteins in the data set. We did this for every annotation term using a two-sided Wilcoxon-Mann-Whitney test in which the multiple-hypothesis testing was adjusted by applying a Benjamini-Hochberg FDR threshold of 0.05.
npg spectrometry (MS-MS). Therefore we used immunohistochemistry (IHC) and confocal microscopy to localize multiple phospholipases involved in the production of AA-containing lysophospholipids and found that most were diffusely expressed throughout the granulomas (Supplementary Fig. 3c ).
Although the detectable presence of biosynthetic enzymes suggests that their end products probably accumulate, the abundance of enzymes and their products might not correlate, as enzyme activity is regulated in multiple ways. To test this, we directly measured the abundance of AA using matrix-assisted laser desorption and ionization-mass spectrometry imaging (MALDI-MSI) ( Fig. 3a) . We imaged both AA and its precursors in human cellular, caseous and cavitary granulomas (three per granuloma type; Supplementary  Table 1c ) and found their abundance pattern to mirror the expression of the proteins that metabolize AA as determined by proteomics analysis. Although only small amounts of AA were detected in normal lung tissue, AA synthesis occurred throughout the granuloma, with enrichment of AA at the borders of the caseum (Fig. 3b) . Notably, MALDI-MSI of solid and caseous tissues from rabbits revealed similar patterns of AA distribution as those in human granulomas ( Fig. 3c) .
Caseous foci contain large amounts of inflammatory eicosanoids
AA is the key synthetic precursor for eicosanoids, but previous work suggests that AA can enter either pro-inflammatory or antiinflammatory pathways 25, 26 (Fig. 4a) . Because our proteomic analysis demonstrated a predominant inflammatory signature at the necrotic center of granulomas, we reasoned that although AA was present diffusely throughout the granuloma, it would preferentially be used for the generation of pro-inflammatory eicosanoids near the center of the granuloma. LTA4H synthesizes leukotriene B4 (LTB4), a proinflammatory eicosanoid that has been associated with production of TNF-α. TNF-α is a key component of early host control of bacterial growth [27] [28] [29] , but its excess has also been implicated in tuberculosis immunopathogenesis in zebrafish and humans 21, 30 . By using MS proteomics, we found that LTA4H was very abundant in the caseum, along with the enzymes necessary for synthesizing other leukotriene precursors ( Fig. 2e) . By using IHC, we also found LTA4H within the caseum and the caseous margins of cavitary lesions ( Fig. 4b and Supplementary Fig. 4) . Notably, there was little LTA4H staining in the solid granuloma, consistent with low representation of a proinflammatory proteome signature in this granuloma (Fig. 4b,c) .
LTA4H was also expressed in the cellular borders of the caseous and cavitary granulomas, although in a very specific pattern. We found that LTA4H was most abundant in cells immediately adjacent to the caseum and that expression decreased as a function of distance from the necrotic center ( Fig. 4b,d ). This region is mostly composed of macrophages. We identified the various morphologic subtypes to determine which cells were responsible for LTA4H expression at the cellular border of the caseum. We found that giant cells expressed high levels of the enzyme (Fig. 4e) . In the solid granuloma, which contained very little LTA4H overall, expression was only found in a small cluster of giant cells at the periphery of the granuloma (Fig. 4b,e ). By staining for allograft inflammatory factor 1 (AIF1; also called IBA1), a macrophage-specific marker, we also found finger-like projections of macrophages in the necrotic caseum. Of note, these macrophage projections also showed a large amount of colocalization with LTA4H ( Fig. 4e) . This suggests that morphologically distinct macrophage populations near the necrotic border may control the gradient of LTA4H expression and help generate a highly inflammatory milieu, which is contained at the center of the granuloma (see the 'immunohistochemistry' subsection in the Online Methods for an explanation of how different regions were delineated).
In zebrafish TB models, excess LTA4H has been shown to promote macrophage necrosis through the induction of TNF-α production 21 . We reasoned that this pro-inflammatory cytokine would be more abundant and would probably colocalize with LTA4H in the regions where granulomas are necrotizing. Indeed, our immunohistochemistry analyses showed that TNF-α was relatively less abundant in solid granulomas ( Fig. 5a ) but more abundant in the necrotic margins of caseous and cavitary granulomas (Fig. 5b,c and Supplementary Fig. 5a ). Notably, staining for TNF-α revealed distributions similar to those of LTA4H, with a colocalization of 85.3%. We also found that the colocalization of LTA4H and TNF-α was recapitulated in solid and caseous lesions from rabbits ( Fig. 5d and Supplementary Fig. 5b) . These results suggest that the spatial LTA4H-mediated pro-inflammatory responses are associated with TNF-α production.
Cellular rims and solid lesions have an anti-inflammatory signature
In contrast to the centers of the necrotic granulomas, cells found at the periphery of the granulomas showed a more anti-inflammatory proteomic signature. Specifically, anti-inflammatory regulators and reducing agents were enriched in the granuloma periphery ( Fig. 2d) . In the eicosanoid pathway, prostanoid synthesis moderates inflammation in TB lesions 21, 22, 24 (Fig. 6a) . We observed that enzymes responsible for prostanoid synthesis, namely prostaglandinendoperoxide synthase 1 (prostaglandin G/H synthase and cyclooxygenase) (PTGS1; also called COX1) and PTGS2 (also called COX2), were enriched in the solid granuloma, consistent with the overall less inflammatory signature of that granuloma (Fig. 6b) . The abundance of proteins seemed to reflect the distribution of their products, as a measurement of the concentrations of the prostanoid 6-keto-PGF 1α by HPLC coupled to tandem mass spectrometry showed that this prostanoid, too, was more abundant in cellular layers ( Fig. 6c and Supplementary Fig. 6a) .
In cavitary and caseous granulomas we found that both COX1 and COX2 were diffusely expressed in the cellular layers but were mostly absent in the necrotic caseum (Fig. 6d,e and Supplementary Fig. 6b ). This contrasts with the pattern of LTA4H abundance. Additionally, whereas LTA4H was specifically expressed by macrophage subsets, we found that COX1 and COX2 were expressed in both macrophages and fibroblasts (Fig. 6f) . In rabbit tissues, we found that COX1 and COX2 were more abundant in cellular regions and less abundant in the necrotic caseum, recapitulating the observations in human npg lesions (Fig. 6g,h and Supplementary Fig. 6d) . Thus, the relative abundance of various eicosanoids (leukotrienes) suggests a highly pro-inflammatory center of the granuloma surrounded by a cuff of molecules, including some prostanoids of the COX1 and COX2 pathways, that moderate inflammation.
DISCUSSION
The host's ability to effectively respond to infection by MTB is perhaps the most crucial determinant of disease outcome. Numerous investigations have highlighted the various axes, both genetic and temporal, that tip the scale in favor of either the host or the pathogen 21 . Genetically, mutations in LTA4H that result in reduced production of the pro-inflammatory eicosanoid LTB4 leads to increased mortality in zebrafish 21, 31 . Temporally, TNF-α dually mediates resistance and susceptibility to mycobacterial infection by promoting the production of ROS by the infected macrophages in the granulomas. Although ROS have an antimicrobial effect, they ultimately promote necrosis of the immune cells and growth of the bacteria 30 .
Here we find that the spatial organization of pro-and antiinflammatory mediators defines a third critical axis. Effector molecules that serve as mediators of inflammation are specifically localized at sites of MTB infection. The abundance of LTA4H, alongside the pro-inflammatory cytokine TNF-α, was greatest in the necrotic centers of the granulomas, as were ROS mediators and antimicrobial effectors, such as cathelicidin. Conversely, prostanoids and their biosynthetic machinery, the cyclooxygenases 20, 22, 25, 26 , were most concentrated around areas of necrosis. These data need to be interpreted in a clinical context. All of the granulomas were obtained from individuals that had undergone pneumonectomy because of severe TB, and hence, these lung samples had extensive tissue damage. Also, neither the age of each lesion nor its ultimate fate is known. Despite these limitations, the spatial distribution and organization of the molecules we identified suggest that the inflammatory npg and antimicrobial effects known to be required to combat infection, but which are potentially destructive to host tissues, are contained, and possibly restrained, by a ring of anti-inflammatory activity. We hypothesize that this anatomical organization promotes antibacterial activity while limiting tissue destruction. One limitation of our study is the small number of subjects and individual lesions that we could examine. Moreover, all of these patients had pulmonary resections because of lung damage from TB disease that could not be controlled with medical management alone and, therefore, probably represent the most severe end of the spectrum of pulmonary TB. However, our findings may be broadly representative. We find that even the evolutionarily distant rabbit model reveals similar granuloma microarchitecture.
A number of computational models of TB granulomas have explored the dynamics of pro-and anti-inflammatory cytokines across spatial and temporal axes [32] [33] [34] . At a cellular scale, TNF-α is thought to have a role in the activation of resting macrophages and the inhibition of bacterial dissemination. However, hyperinflammation associated with this cytokine may lead to cell death and lung tissue damage 21, 32 . Interleukin (IL)-10 might play a role in controlling the trade-off between the antimicrobial activity and the host-derived tissue caseation 33, 34 . Other studies, involving animal models and human blood signatures, have demonstrated that a cross-regulatory network of eicosanoids and cytokines may operate during infection to provide optimal protection 20, 35 . In humans, our data suggest that pathways that mediate the spatial balance of inflammation have a similar role in limiting the degree of immunopathology. We suggest that a causal link between the outcome of infection and the signaling molecules mapped in this study exists, and that modeling must take the spatial organization of host responses into account to guide the development of host-directed therapies that maintain effective amounts of pro-inflammatory and anti-inflammatory activities.
Obtaining such a window into the local interplay of mediators during infection has, so far, been limited by methodological challenges. Traditionally, the structure of the human granuloma has been interrogated using cell-based histological markers and IHC analysis that identify a narrow array of cellular proteins 4, 5 . Newer, unbiased methods, such as quantitative mass spectrometry to identify and image the distribution of lipids and proteins that are present within a granuloma, can increase both the resolution and the depth of histological analysis [36] [37] [38] . These provide information about cell types that are present and their metabolic states. Here we identified over 3,000 proteins. The number of lipid species that can be identified is limited only by their abundance and the availability of standards.
The organization of inflammatory mediators shows how unbiased molecular tools can uncover new biological principles.
Taken together, our human and rabbit findings suggest that the ability of the host to contain MTB and restrict host damage is a localized phenomenon at the level of individual granulomas. Certainly, marked differences in bacterial burden and immune activation exist between granulomas, even within the same host 19, 39 . TB is not a monomorphic disease; instead, it proceeds differently in each individual lesion. Hostdirected therapies such as ALOX5 inhibitors, LTB4 receptor antagonists and some corticosteroids (such as dexamethasone) that can push the pro-and anti-inflammatory balance in one direction or another provide an attractive model for therapies that limit host damage and assist in controlling infection [20] [21] [22] [23] [24] 40 . Although our results require confirmation in larger sample sets, the data here suggest that the real balance occurs locally and that systemic interventions could be quite complex.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. ProteomeXchange Consortium: the mass spectrometry proteomics data are accessible with the data set identifier PXD003646.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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ONLINE METHODS
Clinical tissue sample collection. Tubercular human lung tissue was removed during therapeutic lung resection surgery at the National Masan TB Hospital (NMH) from participants infected with multidrug-resistant tuberculosis and who were refractory to second-line drug therapy. Tissue collection for the study of 'M. tuberculosis acquired drug resistance distribution in the human lung' has been described previously 41 and was approved by the NMH institutional review board, and an exemption for studying the archived tissues was granted by NIH, with written consent of the subjects; samples collected between 2002 and 2008 were de-identified when provided for dissection. Dissection of human lungs was carried out in Germany. Because this was anonymized archival material, it was exempt from institutional review board (IRB) approval. The Harvard Medical School laboratory, which also handled the tissues, was also granted an IRB exemption. Tissues used in this study were from a set of six consecutive participants with tissue samples displaying the three types of pathological structures analyzed (Supplementary Table 1 ). The participants (2006-2008 time frame) were 19 to 45 years old (median 28 years old), HIV-negative and had received TB treatment for 6 to 36 months (average 17 months). The M. tuberculosis isolates were resistant to 3-8 (median 5) anti-TB agents including isoniazid, rifampin, streptomycin, ofloxacin, pyrazinamide and kanamycin. The resected lung was immediately transferred to a biological safety class 2 cabinet and dissected into regions of normal and affected lung; the lesions were separated and fixed in 10% neutral buffered formalin for at least 24 h, dehydrated and paraffin-embedded. Sections from each block were prepared for hematoxylin and eosin (H&E) staining, and the stained slides were imaged at 20× using an Aperio CS2 image-capture device (Leica Biosystems, Buffalo Grove, IL, USA). The images were reviewed by an experienced pathologist. A summary of patient and tissue details are in Supplementary Table 1a .
Rabbit infection and lesion dissection.
Animal studies were carried out in accordance with the Guide for the Care and Use of Laboratory Animals 42 of the National Institutes of Health, with approval from the Institutional Animal Care and Use Committee of the New Jersey Medical School, Newark, NJ. Specificpathogen-free, individually housed female NZW rabbits, weighing 2.2-2.6 kg, were used for aerosol infection by M. tuberculosis HN878, as previously described 43 , as it generates a representative range of human-like lesions in infected rabbits. Briefly, rabbits were exposed to M. tuberculosis-containing aerosol using a nose-only delivery system. Three hours post infection, rabbits were euthanized, and serial dilutions of the lung homogenates were cultured on Middlebrook 7H11 agar plates to enumerate the number of bacterial colony-forming units (c.f.u.) implanted in the lungs. The infection was allowed to progress for 16-20 weeks, at which point the animals were euthanized to dissect lesions as previously described 36 . The four lesions analyzed in this study, the two cellular and two caseous granulomas, originated from three rabbits and were randomly selected from a large bank of archived lesions ( Supplementary  Table 1 ). They represent the most common lesion types seen in rabbits with chronic active TB, as observed through numerous studies performed by our group with large rabbit cohorts.
Proteomic analysis.
To obtain histologically distinct compartments, tuberculous lung tissue was dissected to five separate granuloma regions with the Laser Pressure Catapulting (LPC) PALM Instrument (Zeiss, Göttingen, Germany). Collected tissue samples were lyzed in a buffer consisting of 0.1 M Tris-HCl pH 8.0, 0.1 M DTT and 4% SDS, at 99 °C as described earlier 44 . Lysates were loaded on ready-made gels (NuPage 10% Bis-Tris, Invitrogen) and run to only an inch of separation using gel electrophoresis. The samples were then subjected to in-gel digestion (Lys-C protease and trypsin) and peptide extraction with StageTips as described previously 45 .
LC-MS-MS analysis of resulting peptides was performed as single-shot runs 46 , using a Q-Exactive mass spectrometer 47 (Thermo Fisher Scientific) coupled on-line to a nanoflow ultra-high-pressure liquid chromatography (UHPLC) instrument (Easy nLC, Thermo Fisher Scientific). Chromatographic peptide separation was done over a 240-min gradient on a reverse-phase 50-cm-long column. For measurements using the Q-Exactive mass spectrometer, a resolution of 70,000 at m/z 400 was used for survey scans, and up to ten dynamically chosen most-abundant precursor ions were fragmented (isolation window 1.6 m/z). The survey scans (300-1,700 m/z; target value 3 × 10 6 ; maximum ion-injection times, 20 ms) were acquired and followed by higher-energy collisional dissociation (HCD)-based fragmentation (normalized collision energy 25). The MS-MS scans were acquired at a resolution of 17,000 at m/z 400 (target value 1 × 10 6 ; maximum ion-injection times, 60 ms).
Mass spectra were analyzed using MaxQuant computational platform version 1.3.0.5 and Andromeda 48 against the Uniprot FASTA human database. The search included cysteine carbamidomethylation as a fixed modification, and N-acetylation of protein and oxidation of methionine as variable modifications. A false-discovery rate (FDR) of less than 0.01 for proteins and peptides, and a minimum peptide length of seven amino acids, were required. Proteome quantification was performed in MaxQuant using the XIC-based in-built label-free quantification (LFQ) algorithm 37 . Label-free intensities were logarithmized, and empty values were imputed with random numbers from a normal distribution, whose mean and s.d. were chosen to best simulate low-abundance values close to noise level.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the data set identifier PXD003646.
Bioinformatic analyses were performed in the Perseus software environment. Pathway membership information was obtained from KEGG pathways and categorical annotation was supplied as GO biological process (BP), molecular function (MF) and cellular component (CC). We filtered for protein groups that were accurately quantified in at least two granuloma regions and that showed at least 1.5-fold differential expression between at least two granuloma regions. Unsupervised hierarchical clustering was performed after z-scorenormalization of the regulated data set. PCA was performed on the quantified proteins, and we tested for enrichment of annotation categories in individual PCA components. We tested and computed the difference between medians of the two groups-proteins corresponding to an annotation category versus all proteins in the data set. We did this for every annotation term using twosided Wilcoxon-Mann-Whitney test where the multiple-hypothesis testing is adjusted by applying a Benjamini-Hochberg FDR threshold of 0.05. For significant annotation terms, a 'difference' is reported, indicating where the center of the distribution for the annotation category is located relative to the overall distribution. We used this approach to identify significantly different annotation terms in principal component 1 that separate the caseum from the cellular periphery, and report their 'difference' and P values for GO annotation terms and KEGG pathways.
Immunohistochemistry (IHC).
A summary of clinical and rabbit tissue samples used for IHC studies are included in Supplementary Table 1c,d . Paraffin-embedded lung tissue sections were cut at 10-to 20-µm thickness, mounted on ultraclean glass slides covered in silane, deparaffinized, and then dehydrated and rehydrated using the following steps: ethanol solutions (30%, 50%, 70%, 90%, 95% and 100% for 3 min each), xylenes (two different solutions for 10 min each) and ethanol solutions (100%, 95%, 90%, 70%, 50% and 30% for 3 min each). The slides were washed once in Tris buffer-saline (TBS) for 5 min. Slices were subjected to antigen retrieval by boiling in sodium citrate buffer at pH 6.0 for 20 min and incubated in 0.1% Triton X-100 for 5 min. Slices were removed and allowed to equilibrate to room temperature for at least 20 min, and they were rinsed with distilled water.
Tissue sections were blocked (blocking solution: 0.5 M EDTA, 1% horse serum, 1% immunoglobulin (Ig)-free BSA, 4% human serum and 1% fish gelatin in PBS) and incubated overnight in primary antibodies against the proteins related to our studies. After incubation, the tissues were washed several times with sterile TBS at room temperature and incubated in the respective secondary antibodies (anti-mouse, anti-goat or anti-rabbit conjugated to Alexa 488, Alexa 588, or Alexa 647) or streptavidin conjugated to Texas Red for Mycobacterium detection for at least 1 h at room temperature. Tissue sections were mounted using Prolong Gold Antifade reagent (Invitrogen, Grand Island, NY) with DAPI, and the tissue sections were examined in an A1 confocal microscope equipped with spectrum detection and unmixing systems (Nikon Instruments Inc., Japan). Antibody specificity was confirmed by replacing the primary antibody with a nonspecific myeloma protein of the same isotype or with non-immune serum.
npg Three-dimensional (3D) reconstruction and deconvolution of areas of interest was performed from 12 to 25 optical sections obtained at 0.250-or 0.150-µm intervals 49 . To analyze and quantify the abundance of the study proteins, the number of positive pixels, as well as their intensity, in macrophages was measured in specific regions of interest. In addition, for each cell population, a linear intensity histogram was generated to examine the expression of each enzyme inside defined cell types or in the caseum. By using this approach, we identified up to eight different compartments represented in cellular, necrotic and cavitary granulomas. These compartments included the caseum, macrophage processes toward the caseum, macrophage cell bodies, fibrotic areas, areas outside of the inflammatory ring, normal tissue, clusters of inflammatory cell within the normal tissue and multinucleated giant cells. To compare protein abundance across tissues, similar numbers of cells and areas were included in the 3D-deconvoluted optical reconstructions. This analysis avoids problems associated with inflammatory versus normal tissues where density and structure of the tissue are different.
Adjacent sections were stained with hematoxylin and eosin and with trichrome Masson to correlate the confocal findings with histopathology, as well as with MALDI-mass spectrometry imaging (MSI) of the same tissue sections.
Tissue sectioning and matrix application. 12-µm-thick tissue serial sections were prepared using a Leica CM1850 cryostat (Buffalo Grove, IL) and thawmounted onto stainless steel slides (for MALDI-MSI analysis) or frosted glass microscope slides (for H&E staining). After sectioning, tissues were allowed to dry at room temperature for 15 min and then transferred to a −80 °C freezer for storage.
Prior to MALDI-MSI analysis, tissue sections were removed from the −80 °C freezer and allowed to reach room temperature for 15 min. A number of matrices were evaluated for lipid imaging. α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB) and 9-aminoacridine (9-AA) were purchased from Sigma-Aldrich (St. Louis, MO). Matrices for MALDI-MSI analysis were optimized for each imaging mode, shown in Supplementary Table 4 .
